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CHAPTER NO 1 

FUNDAMENTAL CONCEPTS AND DEFINITIONS 

Energy is the quantitative property essential to life and all living organisms. Energy 

can be viewed as an ability to cause changes. 

THERMODYNAMICS 

Thermodynamics can be defined as the science of energy. 

The name Thermodynamics originates from two Greek words;  

Therme               Heat 

Dynamis              Power 

Thermodynamics is the science that deals with the relations between heat, work and 

those properties of the system that bears relation to heat and work. 

THERMODYNAMIC SYSTEM 

A System in thermodynamics is defined as a definite quantity of matter or a region in 

space upon which attention is focused for study.  

Any mass or region outside/external to the system is called as the Surroundings. 

The real or imaginary surface that separates the system from its surroundings is called 

as the Boundary. 

System

Boundary

Surroundings

 

System, surroundings and boundary 

The boundary of a system can be fixed or movable. It is the contact surface shared by 

both the system and surroundings. The system and its surroundings together constitute 

the Universe. 

Note: Mathematically, the boundary can neither contain any mass nor occupy any 

volume in the space, as it possesses zero thickness. 

 

CLASSIFICATION OF THERMODYNAMIC SYSTEM 

Based on whether a fixed mass or a fixed volume in space is chosen for study, the 

thermodynamic systems can be classified as 
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i.   Closed system and 

ii. Open system 

Closed system  

A Closed System (also called as Control Mass) is one which has a fixed amount of 

mass and no mass can cross its boundary; but energy in the form of heat or work, can 

cross the boundary and hence volume of a closed system may vary and as a result, its 

boundary is movable. 

Example: Gas enclosed within a piston-cylinder device 

Piston

Gas

Energy (Yes)

Closed system
m = constant

Mass (No)

Cylinder

 
Gas enclosed with in a piston-cylinder device 

In a piston-cylinder device shown in the fig. If we want to know what happens to the 

gas enclosed when it is heated, we have to focus our attention on the gas and hence the 

gas is our system. The inner surface of the cylinder and lower/inner surface of the piston 

forms the boundary. It has been observed that no mass (i.e., gas) is crossing the 

boundary and hence it is a closed system. Energy either in the form of heat or as work 

may cross the boundary and part of the boundary (i.e., lower surface of the piston) may 

move. Everything external to the gas, including the piston and the cylinder is the 

surroundings. 

Open System 

An Open System (also called as Control Volume) is one in which both mass and 

energy can cross the boundary of the open system. The region within the devices 

through which mass flow occurs such as a compressor, turbine, nozzle and tube selected 

as control volume. The boundaries of the control volume are called Control Surface can 

be real or imaginary.  

Example: Flow through tubes and nozzles 

In case of flow through a tube or a nozzle, the inner surface of a tube or nozzle forms 

the real boundary and the entrance and exit areas form the imaginary boundary, as there 



 

3 

 

 

are no physical surfaces there. The mass (i.e. water) can enter and leave the imaginary 

boundary of the control volume/open system. Energy (i.e. kinetic energy possessed by 

moving water) as well as mass (i.e. water) can cross the boundary of the system.  

Control VolumeFluid in Fluid out

 

        (a) 

Fluid in
Fluid outControl Volume

 

(b) 

Flow through (a) Tube and (b) Nozzle 

Sl No Closed System Open System 

1 

A certain quantity of matter is 

considered for study. Thus, a 

closed system has a Control 

mass. 

A certain region is considered for study. 

This region is called as Control volume. 

2 
It is also called a non-flow 

system. 

It is also called a flow system. 

3 

The system is surrounded by a 

real boundary which may be 

fixed or movable. 

An open system is surrounded by a 

Control surface, which is a combination of 

real and imaginary boundaries. 

 

Isolated System 

An isolated system is a special case of closed system, in which neither an energy, nor 

as mass cross the boundary of the system. i.e., no exchange of energy or mass with the 

surroundings. 

Example: Universe 
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Boundary

Energy (No)

Mass (No)

 
Universe 

MACROSCOPIC AND MICROSCOPIC APPROACHES/VIEWS 

There are two points of view from which the behavior of the matter can be studied: 

Macroscopic and Microscopic. 

Sl No Macroscopic Approach Microscopic Approach 

1 

In this approach, certain quantity of 

matter is considered and gross or 

overall behaviour of all molecules 

taken into account. 

In this approach, average behaviour of 

each and every molecule in the matter 

(system) is considered. 

2 
The knowledge of structure of the 

matter is not required. 

The knowledge of structure of the 

matter is required. 

3 

This approach is called as 

Classical thermodynamics in the 

study of the thermodynamics. 

This approach in the study of 

thermodynamics is called as 

Statistical thermodynamics. 

4 

Only few properties (co-ordinates) 

are sufficient to describe the 

matter completely. 

In this approach, each and every 

molecule is to be described and each 

molecule requires 6 co-ordinates (3 

space co-ordinates and 3 velocity 

components). Hence numbers of 

properties required are more. 

5 

The analysis of the system in this 

approach requires simple 

mathematical formulae as the no 

of molecules considered are less. 

Since the number of molecules 

considered are more, more advanced 

statistical methods are required for 

analysis. 

 

THERMODYNAMIC PROPERTIES OF A SYSTEM 

Any observable/measurable characteristics of a system by which its physical 

conditions may be described is called a Property. A property has a definite value, when 

the system is in a particular state. 

Examples: Pressure, volume, temperature, mass, velocity, viscosity, thermal conductivity 

and elastic resistivity, etc. 
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Classification of properties 

Properties are classified based on dependability as 

a) Intensive and b) Extensive Properties 

Intensive and Extensive Properties 

Intensive properties are those that are independent of the mass of the system. 

Examples: Pressure, temperature, density and velocity etc. 

Generally lowercase letters are used for intensive properties (excluding pressure = P and 

temperature = T). 

Extensive properties are those whose values depend on the size or extent of the system. 

These properties depend on the mass of the system. 

Examples: Total mass, total volume, total momentum and total energy etc. 

Generally uppercase letters are used to denote extensive properties (excluding mass = 

m) 

 

E (kJ)  ½ E ½ E 
Extensive 

Properties 
m (Kg) ½ m ½ m 

v (m3) ½ v ½ v 

T ( 0 C) T T 
Intensive 

properties 

P (k Pa) P P 

∫ (Kg/ m3) ∫ ∫ 

V (m/s) V V 

Extensive properties per unit mass are called Specific Properties. 

Examples: Specific volume (v = V/m) 

            Specific total energy (e = E/m) 

Working fluid 

The matter contained within the system boundaries is called working fluid. It is used in 

thermodynamic devices as a medium for energy transport between the system and 

surroundings, while undergoing a thermodynamic process or cycle. A working fluid may 

be a gas, vapour, liquid or any non-reactive mixture of these constituents. 

THERMODYNAMIC STATE, PATH, PROCESS AND CYCLE 

State 

The condition of the system at any instant of time as described or measured by its 

properties like pressure, temperature, specific volume, etc. is called as Thermodynamic 

State or simply a State.                                OR 

Each unique condition of a system is called a State. 
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m = 2 kg  m = 2 kg 

T1 = 300 C  T1 = 300 C 

V1 = 10 m3  V1 = 15 m3 

      State 1         State 2 

System at two different states 

Process and Path 

Any change that a system undergoes from one thermodynamic state to another is 

called a Process.  

The series of states through which a system passes during a process is called the Path 

of the process. 

Consider a system (i.e., a gas in a piston-cylinder device) at state 1 (at a particular 

position of the piston) where its conditions are described by P1, V1 and T1. After 

expansion, the system reaches to new position or state 2 described by P2, V2 and T2. The 

system may reach from state 1 to state 2 by a number of paths depending on the type of 

expansion. 

P

V
v2v1

p1

p2

Path 2

Path 1

2

1

 

Different paths with two states 

CYCLIC AND NON- CYCLIC PROCESSES 

Cyclic process/ Cycle 

A system is said to have undergone a Cycle/Cyclic Process, if it returns to its initial 

state at the end of the process.   OR 

A Cyclic process is one in which initial and final states of the system are identical (i.e. 

same) and hence no change in any property occurs during the completion of the process.  

Non-cyclic process 

A process is one in which initial and final states of the system are not same is called 

non-cyclic process. 
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P

Path a

Path b

2 1

1-a-2
2-b-1
1-a-2-b-1

Non-cyclic process
Non-cyclic process

Cyclic process

V
 

Cyclic and Non-cyclic processes 

STATE DIAGRAM AND STATE POINT 

State diagram 

A diagram on Cartesian co-ordinates with any two independent properties are being 

represented along X-Y axes that represents the state of a system at different instants is 

called State diagram. 

State Point 

 A point on a state diagram which indicates the state of the system at any given instant 

of time in terms of two independent properties selected for X and Y axes is called State 

point. 

p2

p1

V

P

2

1

Path

 
State diagram and state point 

POINT FUNCTION AND PATH FUNCTION 

When a system undergoes a change from one state to another, the properties of the 

system also change, which depends only on end states and not on the path followed 

between these two states. These properties are called as State functions or Point 

functions.  

The point functions can be represented by a point on any plot. 

Examples: Pressure, temperature and volume etc. 
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A quantity whose value depends on the path followed during the process, not on the end 

points is called Path function. 

Examples: Heat, Work etc. 

 

1

2

P

V

A

B

C

 
Path function 

 A system can move from state 1 to state 2 by three different quasi-static paths. Area 

under each curve (path) represents the work involved in each process, which is not a 

function of end states of the process. But it depends on the path followed in reaching 

state 1 to state 2. 

 

THERMODYNAMIC EQUILIBRIUM 

 A system is said to be in thermodynamic equilibrium if the temperature and pressure 

at all points are same.             

A system is said to be in thermodynamic equilibrium with its surroundings, if it is in  

a) Mechanical equilibrium b) Thermal equilibrium and c) Chemical equilibrium.  

Mechanical equilibrium 

 A system is in Mechanical equilibrium, if the pressure in the system is same at all 

points and does not change with time. 

Thermal equilibrium 

 A system is in Thermal equilibrium, if the temperature is same throughout the entire 

system and does not change with time. 

Chemical equilibrium 

A system is in Chemical equilibrium, if its chemical composition is same throughout 

the entire system and does not change with time i.e., no chemical reactions occur. 

QUASI-STATIC/QUASI-EQUILIBRIUM PROCESS 
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A process which proceeds in such a manner that the system remains infinitesimally 

close to an equilibrium states at all times is called a Quasi-static or Quasi-equilibrium 

process. 

Consider a gas enclosed in a piston-cylinder device as shown in fig 1.20 is 

compressed slowly by adding very small weights on the piston. The piston moves slowly 

downwards.  The molecules will have sufficient time to redistribute and there will not be 

molecule collision in front of the piston. As a result, the pressure inside the cylinder will 

always be nearly uniform and will rise at the same rate at all locations. Since equilibrium 

is maintained at all instants of time, it is a quasi-static process. Quasi-static processes 

are easy to analyze and infinite slowness is the characteristic feature of a quasi-static 

process.  

PistonCylinder

Gas

 

Slow compression process (Quasi-equilibrium process) 

TEMPERATURE AND EQUALITY OF TEMPERATURE 

Temperature 

The temperature can be defined as a measure of hotness or coldness. 

Equality of temperature 

When a body is brought in contact with another body at different temperature, the heat 

transfer takes place from body at higher temperature to a body at lower temperature until 

they attain same temperature and two bodies are said to be in thermal equilibrium. 

ZEROTH LAW OF THERMODYNAMICS 

 It states that If two systems/bodies are in thermal equilibrium with a third system, 

they are also in thermal equilibrium with each other. 

Consider two systems S1 and S2 which are separated by an adiabatic wall, and a third 

system S3 is in communication (i.e., contact) with both systems as shown in figure 1.21. 

Although, systems S1 and S2 are not in physical contact, they are in thermal equilibrium 

with a third system S3 and hence S1 and S2 are also in thermal equilibrium with each 

other. 

Zeroth law of thermodynamics serves a basis for the measurement of temperature by 

replacing the third system/body by a thermometer. 
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System S3

System S1 System S2

Diathermal wall

Adiabatic wall

 

Three bodies in thermal equilibrium 

MEASUREMENT OF TEMPERATURE 

The measurement of temperature is carried out by establishing a thermal equilibrium 

between a system and the device used to measure the temperature. 

A measurable property of a device that changes with change in temperature is called as 

thermometric property and the substance which shows the changes in its thermometric 

property with change in temperature is called thermometric substance. 

Examples: Glass thermometer is a device, wherein, length of mercury changes with 

temperature. 

TEMPERATURE SCALE 

Temperature scales introduced so far are based on freezing point (i.e., ice point) and 

boiling point (i.e., steam point). 

The temperature scale used in SI units is Celsius scale, wherein, ice point and steam 

points are assigned numerical values of 00 C and 1000 C respectively. 

The English system used the Fahrenheit scale, wherein, ice point and steam points are 

assigned numerical values 320 F and 2120 F respectively. 

Kelvin scale also called absolute temperature scale is related to the related to the Celsius 

scale by 

   T (K) = T (0C) +273 

Rankine scale related to Fahrenheit scale by   

   T(R) = T (0F) + 460 

The temperature scales on two-unit systems are related by  
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                                    T(R) = 1.8T (0C)  

       T (0F) = 1.8T (0C) +32 

THE INTERNATIONAL PRACTICAL TEMPERATURE SCALE 

International practical temperature scale used for calibration of temperature measuring 

instruments consists of following reproducible reference  

Ice point  

It is an equilibrium temperature of ice and air saturated water under one standard 

atmosphere. 

Steam point 

It is an equilibrium temperature of pure water and steam at one standard atmosphere. 

Triple point 

It is a state of equilibrium, where all three phases (solid, liquid and gas) of a substance 

co-exist simultaneously. The triple point of water is 0.010 C (271.16K) 

Boiling point 

It is a state of equilibrium, where liquid and gas phases of a substance co-exist 

simultaneously. The boiling point of water is 1000 C (373.15K) at 1 standard atmosphere. 

Melting point 

It is a state of equilibrium, where solid and liquid phases of a substance co-exist 

simultaneously.  

 

PROBLEMS: 

 

1) The reading tA and tB of two Celsius thermometers A & B agree at the ice point and 

steam point and are related by the equation tA = L + M.tB + N.tB2 . Between these 

two points L, M, N are constants. When both are immersed in an oil bath, 

thermometer „A‟ indicates 55 and thermometer „B‟ indicates 50. Determine the 

values of L, M, N and also find the reading on „A‟ if „B‟ reads 25. 

Solution: As the two thermometers A and B agree at the ice point and 

steam point we have at Ice point: tA = 0, tB = 0  

tA = L + 

M.tB + 

N.tB2 0 = 

L + 0 + 

0 

L = 0 

At Steam point: tA = 100, tB = 100  
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tA = L + M.tB + N.tB2 

100 = L + M.100 + N.1002 

M = 1 – 100.N 

when „A‟ indicates 55, „B‟ indicates 50 

hence tA = L + M.tB + N.tB2 

55 = 50.M + 2500.N 

11 =10.M + 500.N 

Substituting for „M‟ in the above equation we get 

N = 1/500
 

From equation M = 1 – 100.N 

M = 6/5 

When thermometer „B‟ reads 25, thermometer „A‟ 

reads tA = L + M.tB + N.tB2 

tA = 28.75  

Thus when ‘B’ reads 25, ‘A’ reads 28. 75  

2). A temperature scale of certain thermometer is given by the relation t = a ln p + b 

Where a and b are constants and p is the thermometric property of the fluid in the 

thermometer. If at the ice point and steam point the thermometric properties are 

found to be 1.5 and 7.5 respectively what will be the temperature corresponding to 

the thermometric property of 3.5 on Celsius scale.  

Solution. t = a ln p + b (Given) On Celsius scale: 

Ice point = 0°C, and Steam point = 100°C 

∴ From given conditions, we have 0 = a ln 1.5 + b (i) 

and 100 = a ln 7.5 + b 

...(ii) i.e., 0 = a × 0.4054 + b 

...(iii) 

and 100 = a × 2.015 + b ...(iv) 

Subtracting (iii) from (iv), we get 100 = 

1.61a or a = 62.112 

Substituting this value in eqn. (iii), 

we get b= – 0.4054 × 62.112= – 25.18 

∴ When p = 3.5 the value of temperature is given by 

t = 62.112 ln (3.5) – 25.18= 52.63°C. 
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CHAPTER NO 2 

WORK AND HEAT 

 

Mechanics definition of work: Work is done when the point of application of a force 

moves in the direction of the force. The amount of work is equal to the product of the 

force and the distance through which the point of application moves in the direction 

of the force. i.e., work is identified only when a force moves its point of application 

through an observable distance. 

Mathematically, W = 12 F.dx 

However, when treating thermodynamics from a macroscopic point of view, it is 

advantageous to tie in the definition work with the concepts of systems, properties 

and processes. 

Thermodynamic definition of work: It is a kind of interaction that would occur at 

the system boundaries. It can be positive or negative. Definition of Positive work is 

said to be done by a system when the „sole effect‟ external to the system could be 

reduced to the raising of a weight. 

Comments:  The word “sole effect‟ indicates that the raising of weight should be 

the only interaction between the system and surroundings in order to say that there 

is work interaction between the system and the surroundings. The phrase “external 

to the system‟ indicates that the work is a boundary phenomenon. The magnitude of 

work interaction depends upon the system boundary. This is illustrated with an 

example. 

Figure 1: Equivalence of Current Work Interaction between the System and the 

Surroundings 

 
 

 

For the two systems shown in figure, system (1) comprising battery alone has work 

interaction with the surroundings, whereas for system (2) which includes motor, 

weights etc. along with the battery, the work interaction is zero. 

The word “could be reduced to‟ indicates that it is not necessary that weights should 

actually be raised in order to say that there is work interaction between the system 

and the surroundings. It is just sufficient to have an effect which is equivalent to the 

raising of weight. 
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Here an electrical storage battery constitutes system 1 whose terminals are connected to 

an electrical resistance coil through a switch. The circuit external to the battery 

constitutes the surroundings. When the switch is closed, the current flow through the coil, 

and the resistance (surroundings) become warmer and the charge of the battery 

(system) decreases. Obviously there has been interaction between the system and the 

surroundings. According to mechanics this interaction cannot be classified as work 

because there has been no action of force through a distance or of torque through an 

angle. However, as per thermodynamics concepts, the battery (system) does work as the 

electrical energy crosses the system boundary. Further, the electrical resistance can be 

replaced by an ideal frictionless motor pulley arrangement which can wind a string and 

thereby raise suspended weight. The sole effect, external to the system, is raising of a 

weight. As such interaction of battery with resistance coil is a work 

Sign convention for Work: 

• When work is done by the system, it is arbitrarily taken to be positive. 

• When work is done on the system, it is arbitrarily taken to be negative. 

 
 

 
P.dV work or Displacement Work: 

Consider a system which contains a cylinder filled with a gas and a piston moving in 

the frictionless cylinder as shown in the figure. Let the piston move outward through a 

small distance „dx‟ in time interval „dt‟. Since the piston moves only a small distance, 

the pressure acting on the face of the piston can be assumed constant. The 

infinitesimal (small amount) work done by the system is 

𝛿W       = Force × Displacement 

= (P × Area of the piston × Distance moved by the piston) 

= (P×A×dx) 

= (P×dV) {A ×dx = dV } 

𝛿W     = P×dV 

If the piston moves through a finite distance, the workdone by the piston is 

obtained by integrating the above equation between the initial and final state, thus we 

get 

∫
2 
ðW = ∫

2 
P × dV = W 

1 1 1-2 

If the process proceeds from state 2 to state 1 we can write 

W ∫
1 
ðW = ∫

1 
P × dV 

2-1 =    2 2 

This equation is applicable for i) Reversible or frictionless or quasistatic process ii) 

closed system iii) Effect due to viscous force, magnetic force, gravitational force and 
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1 

electric force are negligible. 

Point function and Path function: 

1) Point function: A quantity say “x‟ that have a value at every point within its domain 

of definition or a quantity that depends on the states of the system but not on the path 

followed by the system is called point function. Its derivative is given by “dx‟ and its 

integral is 

∫
2 

dx = x2 − x1 

Example: All intensive and extensive property 

2) Path Function: A quantity say “y‟, whose value depends on the mathematical path 

followed by the system to reach from initial state to the final state is called path 

function. It is an exact differential hence its derivative it is denoted by “δy‟. Thus, we 

can write between two states 1 & 2 
 

2 

∫ δy = 𝑦1−2 
1 

 

work is a path function: 

Consider the P-V diagram as shown in the figure. It is possible to reach final state 

(state 2) from initial state (state 1) or vice versa by following different paths A, B & C. 

As the area under the curve represents the work for each process, it is evident that the 

amount of work involved in each process is dependent only on the path followed but 

not the end points. We can observe that the area under each curve of process is 

different hence we can conclude that work is a path function. Thus 
2 

∫ ΔW = W1−2 
1 

 

Other Modes of Work: 
 

• Shaft Work: Consider an engine shaft rotated by means of an external force. The 

shaft undergoes an angular displacement when a constant torque „T‟ is applied to it 

Shaft work is given by 
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1 

𝛿W = T. d𝜃 

For finite changes shaft work is given by 

Shaft power = P = ∫
2 

T. d𝜃 = T. m 

W1−2 = ∫ T. d𝜃1 dT 

 

Where m = Angular Velocity 

 

• Electrical Work: 

I = 
dC 

dt 
 

Where dC= Charge in coulombs that cross system boundary 

in time dt . Electrical work done by the flow of current is given 

by 

𝛿W = V. dC 

𝛿W = V. I. dt 

Between two states W1−2 = ∫
2 

VI. 

Electrical Power = P = V.I 
 

HEAT: 

Heat is defined as the form of energy that is transferred between two systems or 

between system and its surroundings by virtue of a temperature difference. 

 
Sign Convention for Heat: 

• Heat transfer into the system is considered as positive. 

• Heat transfer from the system is considered as negative. 

• Unit of Heat transfer(Q) is KJ 
 
 

 
Modes of Heat Transfer: 

1) Conduction: Heat transfer due to direct contact between the elementary 

particles of a body that is molecules, atoms, free electrons. 
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2) Convection: Heat transfer from one body to another by the moving particles of 

liquid, gas or loose solids during their relative motion in space. 

3) Radiation: Heat transfer by electromagnetic waves through a medium which 

is transparent to thermal radiation. Fraction of the internal energy of a hot 

body is converted into radiant energy changing in the form of heat. 

Heat is a Path Function: 

Similar to work the amount of heat transferred from state 1 to state 2 depends on 

the path of the system. The area under different process is different hence the 

amount of heat transfer also varies. Hence for a quasi-static process heat 

transferred is written as 

2 2 

∫ Δ Q = Q1−2 = ∫ T. dS 
1 1 

Where, S = it is an extensive property called Entropy 
 

Comparison between work and heat: 

Similarities: 
 

➢ Both are path functions and inexact differentials. 

➢ Both are boundary phenomenon i.e.; both are recognized at the boundaries of 

the system as they cross them. 

➢ Both represent transient phenomenon; these energy interactions occur only 

when a system undergoes change of state i.e., both are associated with a 

process, not a state. Unlike properties, work or heat has no meaning at a state. 

➢ A system possesses energy, but not works or heat. 

 
Dissimilarities: 
 

➢ Heat is energy interaction due to temperature difference only; work is by 

reasons other than temperature difference. 

➢ In a stable system, there cannot be work transfer; however, there is no restriction 

for the transfer of heat. 

➢ The sole effect external to the system could be reduced to rise of a weight but in 

the case of a heat transfer other effects are also observed. 

➢ Heat is a low grade energy whereas work is a high grade energy. 



 

18 

 

 

CHAPTER NO 3 

 
FIRST LAW OF THERMODYNAMICS 
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IDEAL GAS MIXTURE 
 
Thermodynamics of Non-reactive Mixtures 

Assumptions: 

1. Each individual constituent of the mixture behaves like a perfect gas. 

2. The mixture behaves like a perfect gas. 

3. Individual constituents do not react chemically when the mixture is undergoing a 

process. 

 
Mixture characteristics: 

Consider a mixture of gases a, b, c, …. existing in equilibrium at a pressure P, 

temperature T and 

having a volume V. 

The total mass of the mixture is equal to the sum of the masses of the individual gases, 

i.e., mm = ma + mb + mc + …….. where subscript m = mixture, a, b, c = individual gases. 

Mass fraction: The mass fraction of any component is defined as the ratio of the mass 

of that component to the total mass of the mixture. It is denoted by mf. 

 
Where the subscript i stands for the ith component. It shows that the sum of the mass 

fraction of all components in a mixture is unity. 

Mole fraction: If the analysis of a gas mixture is made on the basis of the number of 

moles of each component present, it is termed a molar analysis. The total number of 

moles for the mixture is equal to the sum of the number of moles of the individual gases. 

i.e., nm = na + nb + nc + …….. where subscript m = mixture, a, b, c = individual gases. 

(A mole of a substance has a mass numerically equal to the molecular weight of the 

substance, i.e., 1 kg mol of O2 has a mass of 32 kg, 1 kg mol of N2 has a mass of 28 kg, 

etc.,) The mole fraction of any component is defined as the ratio of the number of moles 

of that component to the total number of moles. It is denoted by y. 

 
 

i.e., the sum of the mole fraction of all components in a mixture is unity. 

The mass of a substance m is equal to the product of the number of moles n and the 

molecular weight (molar mass) M, or m = nM 

For each of the components we can write, 

nm Mm = na Ma + nb Mb + ncMc + ...... 
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Where Mm is the average molar mass or molecular weight of the mixture. 

Or Mm = yaMa + ybMb + ycMc 

Thus, the average molecular weight of a gas mixture is the sum of the products of all the 

components of the mole fraction and corresponding molecular weight of each 

component. 

Note: Universal gas constant R MR where M = molecular weight, R: specific gas 

constant, and R =8.3143 kJ/kg-mole K 

Where ma = mass of gas “a‟, Ra = gas constant for gas “a‟, similarly PbV = mbRbT 

Partial Volume: Partial volume of a gas in a mixture is the volume occupied by the gas 

component at mixture pressure and temperature. Let Va = partial volume of gas “a‟ and 

Vb = partial volume of gas “b‟. 

i.e., PVa = maRaT & PVb = mbRbT 

The Gibbs-Dalton Law 
Consider a mixture of gases, each component at the temperature of the mixture 

occupying the entire volume occupied by the mixture, and exerting only a fraction of the 

total pressure. 

Applying the equation of state for this mixture we may write, 

Pm V = mm Rm T = nm Mm Rm T = nm R T 

The above equation is known as the Gibbs Dalton Law of partial pressure, which states 

that the total pressure exerted by a mixture of gases is equal to the sum of the partial 

pressures of the individual components, if each component is considered to exist alone 

at the temperature and volume of the mixture. 

Gas constant for the mixture: 

We have PaV = maRaT 

PbV = mbRbT 

Or (Pa + Pb) V = (maRa + mbRb) T 

Also, since the mixture behaves like a perfect gas, 

We have PV = mRT --- (1) 

By Dalton‟s law of partial pressure, which states that, the pressure of mixture of gas is 

equal to the sum of the partial pressures of the individual components, if each 

component is considered to exist alone at the temperature and volume of the mixture. 

i.e., P = Pa + Pb 

The Amagat-Leduc Law: Expresses the law of additive volume which states that the 

volume of a mixture of gases is equal to the sum of the volumes of the individual 

components at the pressure and temperature of the mixture. 

., Vm = Va + Vb + Vc …. P, T = Vi 

For Dalton law, Pm = Pa + Pb +Pc + …. V, T = Pi 
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PURE SUBSTANCE 
 

A pure substance is one which has constant chemical composition throughout its mass. It 

may undergo phase change, but retains its chemical composition during a 

thermodynamic process. 

Water, nitrogen, helium and CO2 etc are the examples for the pure substance. 

Water exists in three different phases, viz., solid as ice, liquid as water and vapour as 

steam. The chemical formula of water remains H2O irrespective of the state. 

Phase change of a pure substance (water) 

 
Temperature-enthalpy diagram  
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Consider 1 kg of ice at -100 C taken in a cylinder fitted with free moving frictionless 

piston. A known weight is placed over the piston so that total weight of piston and placed 

weight exerts a required pressure ‘p’ of 1 atmosphere on the (ice/water/steam) substance 

throughout the experimentation. 

The conditions of the substance and corresponding heat addition are shown in figures 1 

and 2.  

The stages of heat addition are explained briefly as below: 

Process A-B: When certain amount of heat is added to the ice, it gets warmer and its 

temperature rises till 0.010 C i.e., 00 C at point ‘B’ as shown by the line AB. 

Process B-C: Further ice begins to melt at 00 C and two-phase mixture is formed. The 

temperature of the mixture does not change with heat addition. At point ‘C’, all the ice 

melts to water at constant pressure and temperature, but slight decrease in volume of 

substance (water) in the cylinder. 

Process C-D: The temperature of water rises with heat addition till the boiling point ‘D’ is 

reached and there is slight increase in volume. The temperature at which water begins to 

boil at given pressure is called saturation temperature denoted as ‘Ts’. 

Process D-E: Any addition of heat leads to the evaporation of water resulting in two 

phase mixture of water and steam called wet steam at saturation temperature at a given 

pressure. At point ‘E’, all the water has been vaporised and resulting in a dry and 

saturated steam. The volume increases slightly. 

Process E-F: Further addition of heat to a dry steam at saturation temperature results in 

the formation of superheated steam. There is an increase in temperature above the 

saturation temperature at a given pressure is called superheated temperature denoted as 

‘Tsup’. There is a slight increase in volume. 

Important terms related to steam formation 

Latent heat of fusion: It is the quantity of heat required to convert 1 kg of ice into water 

at constant temperature of 00 C. 

Saturation temperature: it is the temperature at which water begins to boil at a given 

pressure. It is denoted as ‘Ts’. 

Sensible heat: it is defined as the amount of heat required to raise the temperature of 1 

kg of water at 00 C to the saturation temperature (Ts) at a given pressure. It is denoted as 

‘hf’. 

Latent heat of evaporation: It is defined as the amount of heat required to 

convert/evaporate 1 kg of water at saturation temperature (Ts) into 1 kg of dry steam at 

the same saturation temperature at a given pressure. It is denoted as ‘hfg’. 

Amount of superheat: It is defined as the amount of heat required to raise the 

temperature of dry steam from its saturation temperature to any desired higher 

temperature at a given constant pressure. It is denoted by the relation ‘Cps (Tsup – Ts)’. 

Wet steam: It is a two-phase mixture of steam and water molecules in thermal 

equilibrium at the saturation temperature corresponding to a given pressure.  

Dry saturated steam: The saturated steam at the saturation temperature corresponding 

to a given pressure having no water molecules in it is called dry saturated steam. 
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Superheated steam: The steam which is heated to a temperature higher than the 

saturation temperature at a given pressure is called superheated steam. 

Degree of superheat: It is the difference between the superheating temperature and 

saturation temperature. 

Enthalpy of dry steam: It is defined as the quantity of heat required to convert 1 kg of 

water at 00 C into 1 kg of dry steam at its saturation temperature at a given pressure. It is 

denoted as ‘hg’. 

hg = hf + hfg   kJ/kg 

Enthalpy of wet steam: It is defined as the quantity of heat required to convert 1 kg of 

water at 00 C into 1 kg of wet steam at the specified dryness at its saturation temperature 

at a given pressure. It is denoted as ‘h’. 

h = hf + x hfg   kJ/kg 

Enthalpy of superheated steam: It is defined as the quantity of heat required to convert 

1 kg of water at 00 C into 1 kg of superheated steam at stated superheated temperature 

at a given pressure. It is denoted as ‘hsup’. 

hsup = hf + hfg + Cps (Tsup – Ts) kJ/kg 

hsup = hg + Cps (Tsup – Ts) kJ/kg 

where, 

 Cps = Specific heat of superheated steam. 

Dryness fraction: It is defined as the ratio of mass of the actual dry steam to the total 

mass of the wet steam. It is denoted as ‘x’. 

Dryness fraction, x = Mass of dry steam / Total mass of wet steam 

       x = mg/ (mf + mg) 

Where mf = Mass of water molecules. 

Specific volume: It is the volume occupied by unit mass of a substance. It is expressed 

as m3/kg. 

Specific volume of saturated water: It is the volume occupied by 1 kg of water at 

saturation temperature at a given pressure. It is denoted as ‘vf’ 

Specific volume of dry steam: It is defined as the volume occupied by 1 kg of dry 

saturated steam at saturation temperature at a given pressure. It is denoted as ‘vg’ 

Specific volume of wet steam: It is defined as the volume occupied by the dry portion 

of steam in 1 kg of wet steam and volume occupied by water molecules in the same 1 kg 

of wet steam at saturation temperature at a given pressure. It is denoted as ‘v’ 

v= x vg + (1-x) vf m3/kg 

(1-x) vf is very low at low pressure and often neglected. 

Therefore,  

  v= x vg m3/kg 

Specific volume of superheated steam: It is defined as the volume occupied by 1 kg of 

superheated steam at saturation temperature at a given pressure. It is denoted as ‘vsup’ 

The superheated steam behaves like a perfect gas. 

Therefore,  

 vg / Ts = vsup / Tsup  

vsup = (Tsup / Ts) * vg  m3/kg 
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where,  

Tsup = Temperature of superheated steam in K. 

Ts = Temperature of the saturated steam in K 

External work of evaporation: It is defined as the fraction of latent heat of evaporation 

which does an external work. 

External work of evaporation of dry steam = P (vg - vf). 

At low pressure, ‘vf
’ is very small and can be neglected. 

External work of evaporation of dry steam = P vg, kJ/kg  

External work of evaporation of wet steam = P x vg, kJ/kg  

External work of evaporation of wet steam = P vsup, kJ/kg  

where P is in KPa. 

Internal latent heat: It is defined as the fraction of latent heat of evaporation required to 

change the phase. 

Internal latent heat = Latent heat of evaporation – External work of evaporation 

Internal latent heat of dry steam = hfg – P vg kJ/kg 

Internal latent heat of wet steam = x hfg – P x vg kJ/kg 

Internal energy of the steam: It is defined as the difference between the enthalpy of the 

steam and External work of evaporation.  

Internal energy of the dry steam, ug = hg – P vg kJ/kg 

Internal energy of the wet steam, u = h – P x vg kJ/kg 

Internal energy of the superheated steam, usup = hsup – P vsup kJ/kg 

Throttling process: The process in which the fluid expands from high pressure to low 

pressure without doing any work and also there is no heat transfer. 

Therefore, 

 Enthalpy before throttling = Enthalpy after throttling 

h1 = h2 

Measurement of dryness fraction 
Following are the devices used to measure the dryness fraction of a wet steam: 

1. Tank or bucket calorimeter 

2. Throttling calorimeter 

3. Separating and throttling calorimeter. 

 
Throttling calorimeter 
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The schematic diagram of a throttling calorimeter is shown in the above figure. A sample 

of wet steam at pressure P1 whose dryness fraction to be measured is taken from steam 

main pipe through a perforated (i.e., small holes) sampling tube. The wet steam then 

expands through a throttle valve to a pressure P2 and temperature T2. Due to larger 

pressure drop in the throttle valve, the steam becomes superheated and enthalpy 

remains constant during this throttling process.  

 The state 1 is defined by the pressure P1 and dryness fraction x1. State 2 is 

defined by the pressure P2 and temperature T2. 

The enthalpy remains constant i.e., h1 = h2 

At P1, h1 = hf1 + x1 hfg1 (wet steam) 

At P2, h2 = hg2 + Cps2 (Tsup2 – Ts2) (superheated steam) 

Therefore,  

  

Where, 

 hf1 = Sensible heat of wet steam at P1 kJ/kg 

 hfg1 = Enthalpy of evaporation at P1 kJ/kg   

 h2 = Enthalpy of superheated steam at P2 and T2 

After throttling, steam is superheated at least by 50 C, then only good approximations are 

obtained from a throttling calorimeter. If the steam is very wet, the resultant dryness 

fraction is not very accurate. 

 
Separating and throttling calorimeter 

  
If the steam is very wet and the pressure after throttling is not low enough to take the 

steam to the superheated state, it is necessary to dry the steam partially before throttling 

by passing the steam through a separating calorimeter. 

 The schematic diagram of a separating and throttling calorimeter is shown in the 

above figure. Steam from the main is first enters the separator, where some part of the 

moisture separates out due to sudden change in the direction and falls by gravity. The 

quantity of water which is separated out (mw) is measured at the separator. The partially 

dry steam which has higher dryness fraction is passed through the throttling calorimeter, 

where the steam is condensed after throttling to measure the amount of condensate (ms). 

Let, 

x1 = (h2 - hf1)/ hfg1 
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 mw = Mass of water collected in separator, kg 

 ms = Mass of steam condensed after throttling, kg 

 x1 = Dryness fraction of steam after the separator. 

The mass of dry steam leaving the separating calorimeter is equal to (x2 *ms) = Mass of 

the dry vapour in the sample drawn from the main at state 1. 

Dryness fraction in main, x1 = Mass of dry vapour/Total mass = (x2 *ms)/ (mw + ms) 

 Enthalpy before throttling at pressure P2 = Enthalpy after throttling at pressure P3 

    hf2 + x2 hfg2 = h3  

where, h3 = hg3 + Cps3 (Tsup3 – Ts3) 

   x2 = (h3 - hf2)/ hfg2 

Pressure – Temperature (P-T) diagram 
The P – T diagram of a pure substance is generally called the phase diagram, as it 

shows solid, liquid and vapour regions of a pure substance simultaneously. The salient 

features of P -T diagram are as follows: 

1. Each single phase of a pure substance is separated by saturation lines. The 

sublimation line separates the solid and vapour regions, the vaporisation line 

separates the liquid and vapour regions and the fusion line separates the solid 

and liquid regions. 

2. The slope of the fusion line is negative that indicates that the melting point of ice 

decreases with increasing pressure. 

3. The sublimation, fusion and vaporisation lines meet at a point called triple point; 

where all three phases of a substance coexist.   

 

 

 
 
 
 
 
 
 


